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Adbstract. The problem of compater architecture for intelligens robots with partial autonomy is /
addressed. Robot with partial autonomy is considered a degenerased case of a fully ausonomous robot |
Thus, the problem of man-machine communication is formulaed, and the conditions are determined ~
for generating a language for such a communication. The duties of the master are desermined. R
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1. Introduction

Problem of partial autonomy. The problem of partial autonomy is usually considered 10 be 2
problem of enhancing the capabilities of a seleoperated Partial autonomy is meant to compensare
for the deficiencies of human perception and/or performance (DHPP) when the CRT is used as a
“narrow window" to the world, and 00 or limited other means of perception are available. After the
partial autonomy emerges as a necessary property of an intelligent robot, one can expect to utilize it
also for simple repetitive jobs, other routine operations, in other words, as a tool of automated
operation rather then autonotmnous operation. )

The first term (automated) means independent operation of 1 machine, following a set of prescribed
decisions which are submitted by a buman operator in advance. In other words, automation presumes
existence of an explicit, and/or implicit of operation: all decisions are already made, and all
possible situations are taken in account. second term (autonomous) umes that there are stages
ofphnmngmddeckim—makingpafcrmedbylhemxhhtwhhmr:minvolvemmnInfact.
autonomy means that the set of operations to be performed (or “jobs™) is not well structured, more
than one possibility exist, and it is up to the robot to select which one is more beneficial.(This can
happen not only when the field of view is narrow and/or clutiered by unknown objects. For example,
making a step upon an unstructured surface by a multilink redundant leg, generates a huge set of
mpmblcms. Human operator cannot and need not share his attention among all these

The problem of joint design of man-machine control system was first addressed in (1). Based upon the
notion of a limited “bandpass required of a man” the paper suggests that the control system should be
allowed autonomy in “integration, differentiation, feedforward™, and a number of other compusation
proceduresin order to allow 2 man "t operate as a simple amplifier™. The fact that a human operator
still has to perform a unique job of information integration and decision making, at this stage was
overlooked. However, very soon the human capabilitics to be a universal feedback with unlimited
“sensor fusion™ talents were questioned in [2).

Rapid growth of the requircments 1o productivity and quality factors, brought DHPP mentioned above
to the auention of rescarchers in the arca of advanced control systems. The varicty of teleoperated
and supervised automated systems described in [3-5] concentrate upon enhancement of human
capabilities by allocating some properties of astonomy within the machine control system. The
state-of-the-art reflected in the literature, implics the sequence of development stages as shown in
Figure 1. A need in the Interactive Manual- Automatic Control arises in a natural way due to the DHPP.
According to (5], manual-automatic control allows for some motioas under the manual control whereas
the remaining motions are performed automatically referenced to a variety of seasor data. One of the
systems created at JPL, features 2 menu which can be activased by an operator in modifications
starting with fully manual and ending with fully ausomased operation.

However, the system with partial autonomy can be approached m a different way. Let us imagine that
the structure of a system is available with full aatonomy of operation. How does this structure Jook
like” What are the components of this structure that can and cannot be achieved by the technological
means under consideration? It may happen that some elements of the ausrnomous operation can never
be achieved, or can be achieved in a very remote future. The set of such “unachievable-now”
operations can be considered domain of impossibility of the mission (DIM-are2).Then it would
‘be reasonable now to make a step back from the ideal image of the autonomous machine, and build a
system which rely on human participation however oaly within the limited part: within the DIM-area.

This approach to the lem of partial autonomy can be illustrated by Figure 2. We can see that the
supervised aulomationp“i’:viewedasarcuwﬁunthcdemmdfotafnuy automated system. In the
same vein, the partially autonomous, or supervised autonomous robot can be considered a trade-off
between the demand for a fully automated system (which has never been satisfied), and a demand for
a fully autonomous system (which cannot be sassfied, at least carrently).
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Focus of concentration Problem of antonomous robot operation is often erroneously considered
apoblundmﬁgmtpawgmhhmhm&epmblamdmuﬂhmleﬂge
organization solved, of motion planning and control of autonomous as well as partially
amMmmMMmmbfmmmdw
analysis for partially antonomous planning/cor. ol processes of a class of intelligent robots equipped
bynemndachxmdwmdfafnhmmandmwcmhasm
important distinction which affects supervised operation with partial autonomy. Areas of motion
plminpandmdonmudmmndmmdymnm— where such a practice
is acceptable . Autonomous systems are intrinsically based upon a eompuusysmnjomﬂy
phmm—mdmmauamdamﬁdmomwmﬂway
)om phnnm; systems and processes, applicable for robots equipped with Autonomous
ystems (ACS) ascends from the theory of decision making in the framework of the control
symnnheory

ACS were introduced first in [6-9), and the elements of ACS theory are presented there. ACS are to be
installed in astonomous robots which should operate in unknown environment with limited human

mvolvunm&amlhnohumanh;nvolvmmnaﬂ.ACSm to function usin; l:m;nn—hke
procedures of perception. They venminnhsophsuuwd ormation structure of dealing
with learned and communicatin; th sc called, knowledge based control systems

(KBCS). We make a distinction between know! information, and data. Knowledge is underssood
as 3 structured information incorporating numerical data as well as linguistical, or symbolic
information, which nmst be interpreted in a definite context. It will be demonstrated that the
principle of nested hierarchies allows for an efficient knowledge organization in KBCS as well

as for camrespondingly efficient processes of knowledge-based perception and control.
ILJoint Pianning/Control Process

Coatrol solutions to be considered The word control is being used here in its initial meaning
for decision making activities including plaming, navigation, and guidance. This triad is presumed to
be applicable at least, to systems for control of mechamical motion. It should provide a mapping of the
a)task, blknowledge of the system, and ¢) knowledge of the environment - into the output
mﬁaanhmdummepmbhwhde,mmhdmeemwymofdmmadm
operate properly only in cooperation and coordination with the others.

An overview of the recent results in the area of Autonomous Control Systems {ar mobile robots [10],
suggests that different control solutions show definite resemblance with human teams: they have a
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Figure 3, three exampies of control structures are o(ﬂmemuom
ofamberdgodseekm;deusm units, cach tends to form module for automatic
: of control strateges, policies, and commands. :

However, the most remarkable thing about all of these is that in all of them the scope of
decision making is becoming smaller, and the resolution demm;nhemng.h_aghaw@m
the level of decision making is becoming lower. This sequential multiple process of decision making
(replanning, and ing a new control sequence) in the same situation at different resolutions, and

with different scope of attention, scems to be almost obvicus. The major theoretical and design
recommendations are hidden in this fact, and thus usually escape from our attention. We would

assume that the underlying theory should be applicable 10 ACS.

The major result pronosnced within the theory of team coutrol as to robotics, is related to
the information structure required to run the system. The realization of this information structure is a
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Robots by the suthors of [8-12).

special, control oriented knowledge structure. (This subject was addressed in [16), and familiarity
with the treatment of the problem given there is presumed). Theory of control oriented knowledge
organization as a part of the ACS, is focused upon development of models of KBCS for motion,
structures of algorithms, and design of systems for optimum motion of autonomous or
semiautonomous systems. Theory of ACS employs the fact that the similarities among the existing
structures of control (mostly, knowledge-based) for antonomous robots reveal 2 number of inner
mechanisms of goal onented dealing with knowledge, as a part of ACS functioning.

Roughlyspahng.myACSnamndulul-o!lu-uM which allow for
using many efficient solutions developed for human teams. Using the theory of tcam-coatrol an
efficient procedure of computation can be arranged which enables real-time operation of ACS. Thus,
emphasis is done on solutions which are tractable, and do not lead to NP-hard problems. In the
knowledge based controllers this problem gets a specific conteat: information structure shovld be
suited a proper knowledge quantization. Some steps in this direction were made in [6-9].

Hierarchical structures of attention and resolution . I this subsection we will cousider
somofmcpecuhar dmmw:m}lhwmmdm

system is being decomposed in parts mned)whwmmoonmmacnveelemoﬁhe
systems subject to control (actuators). uutypnulbmd:rmlnm systems in a
formof mhmlna" Most of the stagements in the theary of intelligent control, are formulated

[17-21). Thehmhysbemgpruavedbymefxtofmoluuonﬂaswenumnmdm A
typical decentralized control system allows for a tice-decomposition which leads to a nested hierarchy
exemplified in Figure 4,a.

Adcgmmdcaseummedoumbeofsubsmuahmpaamc,whmmmhpuatyofm
exist, and yet, a single actuator needs a nested stem-hierarchy of decision-makers in order to be
property controlled (e.g. shown in Figure 4,b). Usually, hicrarchical systems are convenient as a form
of organization for large systems which contain a number of goal-sceking decision waits
(subsystems). Thus, the problem usually includes coordinating their actions as to optimize the process
of goal achicvement.

Decision making processes in a nested hierarchical structure. Decision-making process
which is being done upon the nested set of represcntations can be characterized by different frequency,
accuracy, and combinational power. Hm,dnsd:ﬂammbemndonlyxfunabwlwnha
of these criteria are co! OW lndeed.thefxequencyofdecmon—mhngumelomtln
representation "a” (2.1 0‘3Hz).xshxghermrq:uenmons “d" and "¢ (10' to 10°* Hz)

mdnsmehghstmrqumon'd"(lv to SHz).
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Certainly, if the zooming is being eonﬁnned.theubwg:em'maifyingdn' " will bring
mnu&mmdmmmm oldmnonma'mm
even more. On ahuh-ﬂ.&emddxﬁm—mﬁngiubmﬁrul?m'f:

error of decision can be in miles, and then decreases down 1 inches in figure "c”. Certainly, on
demmmmmmkmh@a. about

However, all these maters assume a totally different consideration. The real difference between
representations "2 through "¢” is in the resolution of representation. Indeed, resolution (or the
smallest distingui clement of the image) in the case "c” is small, and in the case "a” is large,

(resolution at the leved)
for all levels of consideration.

Similar consideration brings us 10 conclusion that “combinatorial power™ is also the same at all levels
of consideration; it is just applied o different units of information, units that have different resolution,
This hierarchy of representations at different resolution can be easily transformed into a hierarchy of

Decision making processes of planning-control procedures In the most general form, the
coatroller can be represeated as a box with three inputs, and oaly one output. These inputs can be
specified as follows (see Figure 6a): » . .
-Task: the goal (G) to be achieved, (and coanditions 1o be satisfied including the parametrical
coustraints, the form of the cost function, its value, or its behavior).
-Description of the “exosystem”, or map of the world including numerous items of
information to be taken in account during the process of control; map of the world (M) is ofien
incomplete, sometimes, it is deceptive.
~Current information (T) is the information set delivered by the sensors in thevery beginning of
the process of control, and continuing to be delivered during the process of ACS operation.

The processes within the controller are illustrated in Figure 6,b.c,d Input T has determined where the
poinuSPiandGuesiumdvithintheinpampulnpnl;ivualinﬁudwneou-ou(inthe
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vicinity of SP;) in which the information st is more reliable, or even exhaustive. Thus, in the overall
planned trajectory SP;-G';-G;, a part SP;-G'; can be determined with mare reliability than the rest of it
In other words, the overall trajectory SP;-G'i-G; from SP 10 G might be changed in the future if the
input I will the map M in the way that the computed (planned) trajectory will become not the
most desirable alternative. However, SP;-G; part of the plan (bold line) won't be changed: no new
inf onis A

Let ns concentrate now on the part of the trajectory SP;-G'; which is assumed to be more known than
the rest of the overall plan.Label the point Gj the "new goal™, or the “goal for the lower level of the
nested hierarchy”™. Notice that instead of the planned curve segment SP,-G'; the stripe is known with
bwndniﬂBdWithinmksnipe,amplmnedmdmhmmbedeumindulhigha
level of resolution pertained to the level (i+1). Again, only part of the trajectory SP-G"i+1 can be
refined within the sector O ;,1-02 j,1- This in turn, brings us to the more precise part SP;, |-G}, ]
which can be subsequently refined at the level (+2). Enenmally “pew goals™ of the adjacent levels are

becoming indistinguishable and the the trajectory SP: -Gn can be utilized for computing the actual
mﬂmmmmmlydeummdnpcmmphmndﬁmkvddmﬁmL

This consideration inclrdes the components of the joint planning/control process .
sm‘l’le.l-'xm'hngtheopmnmnplznngn-("i,‘mg!medn;;omthemapM ant the task formulation (SP, G,
cost-function, constraints

1
1.3 Selection of the preferable aliemative.
ZUpdmng'hemxpmfammMmlhemmtyofSPbyumgmemmfman
Z.IRwogmnonofthesal.
2.2 Comparison betweea M and L
2.3Dec1dmguponrequnedchangamthecassof M/1=0, LM =3, IsM.
2.4 Creation of the new map in the vicinity of SP with required celetions and additions.
3Refined planning the path within the updated zone of the map.
3.1 Determining the subgoal G' (¢.g. as 2 point of itersection of SP-G and the
boundaries of part of the map).
32FindmgdleopummplanSP-G'(whxchxmphathnthewbolesetofpmcedures
in p.1, should be repeated).
4. Track the optimum path SP-G'.
S. Upon arrival to the new point of the selected trajectory (distinguishable from the initial
point) loop to the position 2

mmofpmcedumlmnmvethwghhsillunmdmﬁms.b Easy to notice, two major
recursions are presumed within the structure of accepted decision making activities. Firstly, positica
3.2 generates recursion which presumes consecutive refinement of the information within the zone
which allows for this refinement. Secondly, thcmjaloopﬁomethcposmoantaumes
repetition of the whole set of the procedures after each increment of the motion. Thus, the process of
path planning can be substituted by a consecutive determining of subgosls locaed closer and closer to
the current position. However, still remains unciear a) how to determine the trajectory SP-G, and b)
how to determine the zone in which the refined information should be obtained. These two key
elements of the overall process will determine the number of recursioas to be performed for the cach
point of the motion trajectory.

Substitution of positioning by tracking Theory of tracking congol is much bester developed
than the theory of positioning (or control of "pick-and-place™ operations). No wonder, we are
interested in reduction of positioning problem to the tracking problem. The similarity between our
congrol and “tracking the target”, is becoming even more noticeable afier we realize that the tracking
trajectory is being constantly recomputed in the process of the above mentioned recursion.

Obviously, our best planned trajectory can be considered as a predicted trajectory. At the each level of
the system shown in Figure 6, the bold part of the trajectory is a plan per se, and the rest is just a
predicted trajectory. However, for the next consecutive lower level the situation is becoming different.
The plan of the upper level is becoming just a planning envelope for the lower level. Within the
planning envelope assigned by the upper level, an optimum motion trajectory is being refined
which in turn is coasidered as 2 plan for the adjacent level below. The initial part of this trajectory is
considered tne low resolution control to follow (1-st part of the plan) and the rest is becomung

just a prediction (2-nd part of the plan).

Since part of SP-G is cosidered as a preciction anyway, and since the carrespoading information is to
be updawed in the future, the problem of system’s readiness to incorporate the results of updating
information, can be discussed. This generates such topics as storing the alvernatives of plan, evaluation

of predictions by some probability measure, and synthesis of contingency plans.

Commutative diagram for a nested hierarchical controller. Hierarchical decision making
process allows for using efficiently the full computer capacity which is limited at each level of such
hierarchy (with no branching). In this case, the tree hierarchy of intelligent control converss into a
pested hierarchicsl controller (NHC). If NHC is acting under the above mentioned coastraints
the process of control atlows for decoupling in parts dealing separately with information of different
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degree of resolution (easily interpreted as certainty, belief, etc.) This means that the degree of
*fuzziness” is different at different levels of the hierarchy, and in the nested hierarchy of the
fuzzy-state automats esch automsaton of the lower level (automaton-child) is enclosed in
the correspoanding parent-antomaton, and serves for clarification of its uncertaintics.

-mwum%m imauemnmppin.ioﬁmr.u:zf
The boid horizontal line separates two major different parts System: what is below, is a world
real obje and what is above the bold line, is the world of information processing. All of the

provide the descriptions, computer
Then, the scarch can be done by combining A* and dynamic ing, discretization of
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Nested dynamic programming The principle of optimality of Bellman [22] can be staed as
follows for stochastic problems: at any time whatever the present information and past decisions, the
remaining decisions must coastitute an optimal policy with regard to the current information set
[23]. Thesequence of "planning-navigating-piloting (or guidance)-actuator control (or execation)”
appears as a direct resuit of nested hierarchical search in the structure of information snder
consideration. Method of Nested Dynamic Programming (NDP) foliows from the commetative
diagrams and analysis given in [6-9). It states that the optimum control should be found by
consecutive top-down and bottom-up procedures, based on the following rules.

Rule 1. NDP should be performed first at the most generalized level of information system
with compiete (available) world representation.

Rule 2. NDP is being performed consecutivelv level after level wop down. The subspace of the
scarch at cach of the consecutive lower levels is constrained by the solution at the preceding spper
level recomputed o the resolution of the next lower level

Rule 3. When during the actual motion, due to the new information, the optimum trajectory
determined at a given level must violase the anigned boundaries, this new information should be
submitted to the upper level (proper generalization must be performed, and the information stracture
must be updated). This generates 2 new top-down NDP process. .

Rule 4. When arrival of the new informz:_n is bounded (e.g. by a “limit of vision™), then the
recursion of nested process of planning is being done with consecutive process of subgoals creation.
Control Stratified by Resolution imto a Joint Multilelel Planning/Control Irecess.
The nested hierarchy of maps {m;},i=1,2,... is the input for planning/control system. Actually, this
nested hierarchy is being generated in the process of interaction between the subsystems M and C .
Let us show how this process of interaction is going



fa 3 fa g 8 | fa '3 fa
linel: (m;eM;) 2(meM;) 2.2 (m,eM;,) > (meM)

| fa fa fa | fa |
i — - { i
EMZ:NDP( Jl’Ml)- ml e s NDP(Ji-l'Mi-l;-mi‘l NDP(’i’Mi)’ ml
i - { i
line 3: output CH(m; ,)=M;, CH( m)=M,,
i d d
to controller to (i-2)-th to (i-1)-th
levels

Line 1 shows two nested hicrarchies: one of them by generalization (of maps {M;}) and another by

focus of atiention (of maps {m;}). Hierarchy of sets is obtained from the hierarchy of sets by
applying NDP-algorithm per level (tine 2). In order to do this, a hested hierarchy is added to the
nested hierarchy . In order to compute a set the results of applying NDP per kevel, are enhanced up to
the meaningful consistent map partition; one of possible algorithms for this is “convex hull” (CH). So
this system is closed loop level to level iop-down and after convergence, the system of controller
commands is obtained.

This planning/control algorithm represents actually a hierarchy of blackboards (HBB) in which
the communication is being rendered among interacting subsystems of the intelligent module Main
navigator takes this plan as a suggestion of the milestones, and determines a string of subgoals at the

. wzytomeﬁmofnﬁlam.‘misstringismtmmepihtwhichalsohzsmwdsmmm.mrust

subgoal in this string might be invisible for the ACS, the visible goal is to be determined by the
planner within the pilot. Then pilot’s navigator can compute accurate enough trajectory of
motion to be executed. This trajectory is submitted to controller which in turn, has nested
structure.Its planner determines the next tarcking command, then its navigator determines the
execution sequence, eic.

Built-in combinatorial operators:team of decision-makers Not only strings or
combinations of variables (words) as well as combinations of mappings (clauses) will be considered,
but z2ls0 combinations of these combinations. Search by scanning, and inclusion when the desirable
property is met, is one of the straightforward algorithms of combination generation. If the results of
search are constantly enhancing the input vocabulary, then during the exhaustive search with recursive
enhancement of the vocabulanies, all possible unions, intersections, and complementations of the sets
are being obtained. The final vocabulary forms a field (F) which means that it contains all set of
sabsets constructed upon the initial set including the results of applying all acceptable combinatorial
operations, (one of these operations should be later used for decision making process: combinatorial
search). Using focus of attention we receive a special category of limited fields which do not
contain all combination of components which is required by a formal definition of field, and yet gives
more meaningful recommendations without introduction of complicated algebraic structures.

Using search for alternatives generation. Any combinatorial algorithm is an operator of
generating plans or solution alternatives for a decision-making process. Consider A*-algorithm
for the search of minimum path trajectory {29,32,35), or any type of conventional or ‘enhanced™
dynamic programming [22,23,31,33). Then a number (value) is assigned to each of the combinations
generated (preferability, closeness, propensity, cost-effectiveness, etc.) which will enable the
decision-maker to make his choice under the accepted strategy of decision making. According to
the existing terminology, the chain of consecutive decisions named policy of decision-making, o7
policy of control

Since we have received already a hierarchical structure of representation, and N levels are considered
which are representing the same world with different resolution, the following situation should be

considered. Given a vocabulary consisting of N clements at the level "i” (words) Wy, Wi, ... »
wyj the set Si of admissible decisions (or decision N-tuples ) determined within the boundaries
determined by the upper level B{w;_1 }

Si=w}i®w9;®..8wyn;={w;},
and assume the cost-functionals (¢.g. presented as distances)

Ji:{w;}.B{w;_1 }—)pi

then the obtained N-tuple (a string wwy_ wy) is the i-level hierarchical solution. This string can be
mterpreted as the next subsequent state of the world, or the change leading to the next subsequent state
of the world (action). In the latter case, the subactions at various levels of the hierarchy, show the
overall action which leads from one substate to another. Clearly, any decision making process is a
result of decision making activities of a2 couple of adjacent levels, which means that the
planning/control procedure in a result of a recursive computation upon the whole hierarchy of
representation. Strictly speaking, the decision making at a level require involvement of at least two
adjacent levels. Thus, the structure of the levels representation is becoming of importance.
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IL. Representation System

Information set comtained in the representation syuan.‘l'hemfmuonsantimeki:
mnummmmwnkfammdmm

a)gencnalization:
8 4
i k) Sia1 (Kis1) 3 lis2 (Kiy2) 2= )

8 | 4
1Y (k) 3 Yig1 (Kiyfp 5o U € Kip) D
8 s
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b)focus of attention
fa fa fa
(ki) 213 (Kp ) 2 Li2 (kj2) oo )
fa fa fa
{Yi (%)> Y; ) (ki1 )3 Up (K -1) >

fa t
Ui (K -D) 2. }>

fa fa
Li(k-1) oI (kig -1) ...

knshownmls-ﬂmndzphumofnemzbymhmmmdfocm;dnmmbe
chmcmzedbeubylheopanmo(mclnsmwhu:h some procedures unusual for the
conventional approaches to mlnbed.mbymﬂmmnobﬂmedaamultof
a)grouping the object of the i-th level by the class-generating feature, bjassigning a label to this group,
¢)placing this laber into the (i-1)-th level as a single object, djrepeating the same for the words of the
(i-1)-th level,and e)finally, obtaining 2 new word at the (i-2)-th level Then, any class of the (i-1)-th
level is nested by generalization in its much broader representation at the i-th level.On the other
hand,aﬂerasolutionuobm::ednasmngmthmdlechssofme(i-l)-thlevel,thissolutionwill
automatically “carve out” a subset within the corresponding much bmdcncpruenmonatmex-th
level, of the same (i-1)-th level class in which the solution was determined. The result of such “carving
out” is nested by attention within its own class of the i-th level.

Partitioning and nesting of representations. Decomposition of the categories of representation
is done through decomposition of objects and morphisms represented in this category [24].

Decomposition imlies dividing objects and relationships in parts, so the components of objects are
becoming of interest which was not the fact before the process of decomposition. This, in tum,
implies higher resolution of world representation than before the ess of decomposition. If we
continue with decomposition, the further representations are to disclose new details about the
objects and their parts, as well as about relations and their parts. So, in the hierarchy of
decomponnons.anoﬂhelevekducnbemenmewoddmthhghamdhghalevelofmoluuon

Changes in time are represented by sequences of the snapshots in domain of representation
describing sequences of the world states. Thus, change in the time-scale is intrinsically linked with the
value of resolution. Certainly, different levels of the hierarchy can be characterized by different
time-scales. Allthese phenomena are illustrated in Figure 8.

Nested Tesselation of Knowledge. This system of nested variables and nested mappings is
described in a HausdorfT nested H-space  which means that any two different n-dimensional points in
it have at each level of nesting, disjoint neighborhoods. One may assume that our space is obtained as
a result of natural, and or artificial dnmnzzgg (mhno%,e mnonmg)fmma:‘nlmml connm;ous

of the world space can be considered as a nested stawe-space for a
Wm sm%thMmmhMMmqu«a
given moment of time (snapshot of the world). Then, a sequence of snapshots can be obtained. The
conventional state-space is a superposition of all snapshots which describe the process.

Two types of discretization (natural, and artificial) should be understood as follows. After the problem
is formulated, it is already based upon some world discretization since the context is represented by a
semantic network discretizing the world in a “natural” way. However, when the higher level of
mlumummm&nmmmwhmﬂtmmm “artificial” type
of discretization is applied, and the space is tesselated by (say) a2 “mechanical”, quantitative division of
larger bodies into the smaller parts.
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This sessclation is done in such a manner that the “points of interest” (symbolizing the variables,
wads,awfs)mplnedwdzmoﬂhe'ﬁle‘olm at a level (clementary segment,
gnm. discrete, pixel, or voxel of the space). Sach terms as segmentation, granularity, discretization,

and tesselation can be used interminently. Property of being centered, holds if the tile can be derived
uammdsubsenmﬁnmptywmﬂmmshoﬂdheemndaedm!mma
symbolic way: in fact, we cannot discern any another point within the tile, this is a minimum grain at
this level of resolution.

Resolution of Knowledge In other words, the tile of the tesselation determines the resolution
of knowledge which is defined as a minimum discrete of information, or minimum wwf which can

be stated unmistakably. The minimam centered tile will have diameter € and the net of centers emerging
from this tesselation is named €-net [25]. Analytical details can be found in [6-9].

The idea of nested tesselations is coming together with a definition of & single tile T( € ) based upon
pested sphere theorem which can be rephrased as nested tile theorem which defines a chain of

inclusionsfor the hierarchy of sesselations. Thus, € -net is considered 10 be a set of clementary tiles
satisfying a condition -

T(xg. €p) O T(xy, €,) D Tixp, €) D~ D Tixp, €y)

where X1, X,-... Xp are the coordinates of the centers of the tiles,
€1.€2, .-, €y, are the radii of the nested tiles.

In the equation of relationships among the tiles € € €

. g o

1 % n

Pairs of adjacent levels. Hierarchies created in this way, satisfy the following principic: at a

given level, the resuits of gemeralization (classes) serve as primitives for the above

level. Then each level of the hierarchy has its own classes and primitives; thus, it has its own

variables (vocabulary), and the algorithms assigned upon this vocabulary can be adjusted to the

propamofdteob)ecsreptaenledbythevocab‘hry This determines the mandatory rule of
combined consideration of two (at lcast) adjacent levels of the hierarchy. Set of relationships among

the variables at the i-th level describes the implications which are being atilized for decision-making at

this particular level.

On the other hand, the set of relationships at the (i+1)-th level describes the relationships among
classes and thus can be characterized as set of metaimplications (metarules, metaclauses) which are
governing the process of applying the implications (rules) at the i-th level. In the light of this
consideration, cach two adjacent levels can be understood as a complete E. Post production system
(analog to gmulpmblcmsolver”or'knowledgebaedoomoﬂd‘)mwhwh the metarules applied
to the alphabet of the lower level act as a semi-Thue process of the grammar [26].

“natural” (qualitative) way (based upon “words™ of the context), and the lower level is discretized in an
“artificial” (quantitative) way (based upon grids, etc.). The process of decision making in this case
depend on the ability of these two levels tocommunmefﬁcmdydetpmofthedxﬁmm
representation of the elementary “tiles”. The role of human "master” or “supervisor” is critical for
operation of such adjacent levels since he is the real carrier of the context knowledge which is required
fortheadequtetnmhnonfmmlhelanguageoﬂhe(n-l)—thkvelmzhehngugeofﬂhlevelmd
vice versa.

Resolution of representation. Labeling the class presumes dealing with this class as a primitive
at the given level of consideration. Moreover, this class (now, also a primitive) is being again clustered
in classes of the higher level. In order to deal with class as with a primitive we have to neglect the
inner content of this class (which might be reflected as new properties of the new primitive but with no
mentioning the initial primitives with their properties). The levels of the hierarchy of representation
(since they are crearxed by a mechanism of generalization) are dealing with the same worid given with
different level of richness in submitting specific details, level of coarseness (fineness). We will name
this characteristics of worid representation at the level, resolution which is a2 measure of
distnguishability of the vectors in the stare space.

Accuracy versus resolution. It is clear that afier assigning 10 the cluster a new class-label (a word
to be included to the vocabulary), this class-label is becoming a new primitive with its own

memmulvﬂnaaesnmdbdncmmmdmwmncmm
by the accuracy depeading on the accepted evaluation theory for this particular property (including
probabilistic approaches, fuzzy set theory, etc.). Clearly, this accuracy evaluation is formally
independent from the act of negiecting the inner contents of the new primitive. This means that
mmmdmohnonarefmﬂymdepcndmtmwd'fammy means: in the view of
procedure to be performed.(Consider digitized images (e.g. any "map” of the world) with different
base discrete of the image. The bigger this discrese is, the less is the resolution of image. However, the
&mﬂ:ﬁu&:ﬁmﬂ&hkﬁmbﬂhmwﬁd&cmp@dvﬂudaﬂumh
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“Thus, accuracy presumes the error evaluation in terms of the existence of difference between the world
mmmmmmmdmuammmmnaumammzi

is, the more different phenomena are neglected. This neglect may entail the increase in error and may
not. However, the smaller Card(zi). or size of the vocabulary is, the higher is the level of

genenalization, and the larger is the radius of the tile in the €-net. Thus, the following relation shoald
boid 1 i

p o—m— >A
Card(Z))

where p determines the value of allowable error (inaccuracy) and Cadzi)deuminamenluof
resoladon.

prepu::fmthe bse::et:demm-wm : {“Map. .def ' o e and
‘or the sul isi ing processes. is defined as a2 subset of the state-space
which is to be taken in consideration during the process of decision-making. Thus, map is a part of
policy delivered from the leader 1o the follower. Map of the wpper level contains the maximum subset
given at the lowest resolution. Maps for the next levels of the nested map structure (top down) are
obtained using the second apparatus of nesting: focusing of attention. Thas, only one part of the map
is being activated: which is required for the current decision-making.

The system of maps has dual nesting:
firstly, we have a subsystem with nesting by generalization

 § [ |
M);oMj3> ..o M;0oM;

which we name “CARTOGRAPHER", and assign to this subsystem maintenance of the information
rather than active participation in the process of decision-making,

and secondly, we have nesting by focusing attention superimposed upon the nested hierarchy by
gencralization , and this information extracted from the carwographer {m;}.i=1,2, .. is delivered to the

"C system ( Figure 7 ) in a form of "maps for decision making”.

a g fa g 3 fa (] fa
(mie M )P (myeM;) 2. 2(m; €M, > (meM)
fa fa fa fa

All fa-predicates are performed on the basis of NDP-algorithm results and thus belong to the
subsystem of control, all g-predicates are prerogative of the system of map maintenance. Later we will
show how these predicates are built in the algorithms of planning/control and map mainsenance.

The problem of map maintenance is of scientific and practical importance. The upper level map
("planner’s map™) should be maintained for a long time due to the largest scope, and the “slow
rhythm”™ of this level Changes in the upper level map are not frequent. Maps of the subsequent levels
are to be regularly updated with increasing frequency but decreasing volume. At the level of “pilot's™
map, most of the information might be considered of little importance in long terms, and the map is an
“ephemeral” one. The lowest level map (“controller’s map™) may or may not need even an ephemera;
map maintzined as 2 part of the nested hierarchy. (Actually, from our frst experience of dealing with
ACS we found that intelligent module cannot afford maintenance of the pilot map , i.e. of the lowest
level of world representation), and therefore all processes related to the real time operation have
ephemeral structure indeed. with 2 number of logical filters determining whether this ephemeral
information contains anything w0 be included in the maps of the upper level.

The rules of assigning for the information to be retained in details, retained in generalization. or
dropped, cannot be formulated consissently for all possible situations. How long the information will
be needed can probably be desermined oaly by a master.

Generalization: belonging to a wmeaningful class. So. knowledge in a context can be

represented as an € -oct at a definite resolution, and as a system of nested € -nets with different scale
where scaie is defined as a ratio between resolution at a level and resolution at the lowest level.
Clearly, cach of the larger tiles at the upper level is a “generalization” for the set of smaller tiles at
the lower level of the hierarchy. Selection of one of the tiles at the upper level (focusing attention )
entails selection of a definite subsct of smaller tiles at the lower level
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We would like o stress the fact that the inclusion X5Xx shows in this hierarchy of the tile
embeddinphsmaeimpammumaiuthnjuu'xdhgdthem'.mmlwon
predicate O has a meaning debaM‘(ﬁmihmdhdnobjamnmﬁgdm
auwmcmmpm.um)mmmm“mwdwﬂgmp
mwaﬁm,mdsoon,mdthenoﬁouol'bebnghg.qaclasofegmespgm'lpﬂghbai?ood"ns

oming closer 10 a meaning of “gencralization™ as if it is understood in the discipline of logic. Then
dicretization of the state space will contribuse simultancously to 2) minimum interval of
considerai.on, b) hierarchy of classes of belonging to a meanigful neigh

the of i mdinngcmogniﬁmwehmv_uselecﬁoaold\cmingful
mmw.mwm%nmum. exhaystively unless a human operator, or
master is involved in the procedure of the feature assignment.

Look-up Tables. The prespecified lists of mappings upoa a vocabulary, can be organized i-n
look-up tables (LUTs) for convenience. For exampie, 3 control "u” can be seclected fmm' this
ptespeciﬁedsetifLUTcominsclam(e.g.'HS&C(Mu'M&kame
C-strategy selected, or cost-functional agreed upon). Minimam look-up table can contain only one
mapping.

Sets of variables to be considered simultancously are named vectors, or strings . A single LUT, or
asct of LUTs are named grammar (operators, transformations) if they can be utilized o
generate output strings from mput strings. Inpat and output vocabulanies together with the grammar
are named language (over a finate alphabet), or automaton (frec monoid generated by the alphabet).
Chﬂy.mmasﬁnfsmmhmabovemwwwlt?mwu-dsoﬁhis
language). The rules of combining variables into vectors, or srings, or strings of vectors, etc. are
being determined by LUTs .

Special role of attention When a part 2 _ is detached from the “whole™ 9€ (which may happen
to be caxegory, object, and/or morphism) and the relation of inclusion holds

x:xp

this separation of xp from ¢ we will name focusing attention upon I_ . Sampling is one
of the common methods of focusing attention.Usually we focus the attention when the subset of

attention can be considered important, or is typical for the whole set. The latter case links focusing
atiention with mechanism of generalization.

Special role of attention is determined by its close links with the overall goal of operation. Atention
always presume sacrifice of some information in favor of the information set which is considered to be
more important. Thus, attention almost always rely on a set of preferences that can be ultimately
formulated only by 2 master.

Generalization oriented tesselation We would like to stress the link between the generation of
entries for LUT as an approximation in the space of consideration. and the problem of
generalization oriented lesselation (discretization of the space). At the level of discretization
determined by the context, i.c. determined by the words of the semantic network, the results of
tesselation are always determined by the vocabulary of the master.

The subsequent problems of “digitization™ and "quantization”, or quantitative tesselation at the lower
level are being solved currently by introduction of the “shah function™, and other mechanisms of
sampling which has been proven to be applicable in decades of development of communication and
control systems. Some difficulties, such as aliasing, and similar, lead to algorithmic aggravations at
the output. lnﬂwconmtofdﬁs‘papa.disctetinﬁononhcspnccdoanoullowformeproblcmor
aliasing because there is no information between the adjacent tiles of tesselation (digitization,
quantization), and the information about the tile properties (values for them) is the set of average
average values over the tile. Clearly, the term “average™ in this context, acquires a somewhat unusual
meaning of “class generating property” However, in most of cases the”automatic™ tesselation of
the space creates discrepancies when the correspondence between the two adjacent levels is to be
determined. These discrepancies might be eliminated by the interference of the master.

Complexity of tesselation: E-entropy .Compiexity of LUT is being evaluated by computing the

€-entropy (by A.N. Kolmogorov [25] ) for a space where the corresponding €-net has been
constructed

Hg(S)=log Ng(S)
where S-is a space represented by LUT,with €-net assigned,
Ng-number of clements (nodes) in €-net, or tiles in the tesselation.
For the system with combinatorial search as a tool for planning, the category of consideration can be

represented as a power set, then nivially
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Hg(S)= Ng(S)
medplnqmbued the idea of spece tesselation (e.g. configuratin space,
exc.). A muhtiplicity of '900 m-m»ﬂ:ﬁawxm
mummumnmmuhmn-mnnw

that all of these techniques ascend 10 the theory and formalisms of €-nets. In owr case, minimization of
the €-entropy allows for determining an optimsm nember of the levels of the hierarchy of a costrol

Accuracy of representation. To all words and all edges with the corresponding strength of the
bond, the values of accuracy are assigned. Accuracy is undersiood as the value of the relative error
dmemnustnpdbumdeame*dmmm“ﬂmmbe
based on estimaticn of probabilities, zanes of ancertainty, andior in any another way. The approach o
the world represeatation in this does not depend oa the particular way of dealing with
uncertainty cvaluation.The value m-mnuwmwmu
properties of the tile of representation which is considered 23 a minimum unit at 3 level.

Evaluation of the size of a tile. This is similar 10 assigaing a definite €-net. However, this also
sugpests that the minimum value of the radius of the tile, can be time dependent. In order 10 avoid this
predicament in the following treatment, we will try not 10 get involved with the particular stochastic

and dynamical microstructure of the €-tile at the ievel of the sepresentation hicrarchy. We will define
the radius of the tile by the width of the fictitious uniform distribution which has the same value of the
conditional entropy as the real distribution of the variable x. Then, using the value of conditional
entropy

o

H= - I pi(x) In p;(x) dx

-~

for a Gaussian the diameter of a tile is determined
A= o (xe/2)3

Referring %o the definition of €-net, we would suggest that this value of A is the minimum size of the
tile radius to be assigned if the net has the same law of disxibution in all of its nodes. For systems
with stationary random processes, evaluation will be sufficient with no involvement in analysis of
stochastic processes anymore. Certainly, this depend on the nature of what is considered 10 be a
mwddﬁm

Nevertheless in real situations, it is very difficult to construct a level with the same law of distribetion
in all of its nodes. The role of master here, is cither to determine the “average™ law of distribution, or
to allow for a net with different sizes of tiles. Based upon condition for A, the problem of different
hmdm-smmmmmmuwyofmplm(e. polyhedra, exc.) is
;;rmallydmﬁhmydam;kﬁkmm yuﬂnspnoelsfullymed

1L Hybrid Master-Dependent Representation

Knowledze Bases: Semantic Networks with context oriemted interpretation
Knowledge Bases (KB) are comsidered to be a collection of well-formed formulas (wff's) for
man- mhmnwdlufumwmwmofdnﬂmm So, it is clear
that knowledge consists of linguistical discreses (entities) which are later referred to as units of
knowledge. When we arc talking about knowiedge, the represented kmowledge is actually
meant, (i.c. we are not inserested here in discussing the natare of the reality represented within the
system of world representation). Nesting is being introduced often in a semantic way , and reflects
mmdwwmdmhmmmmdbcmhmw(wbchms
irrelevant). Thus, in a nested sysiem, a nested hierarchy of semantic networks can be formulated. This
semantic nesting can be ingerpreted within a context only under human supervision since the subtietics
of the context knowledge must be properly transformed into statements of existence or absence of

relationships among the entities.

Thus, under master's supervision we receive, two types of aested hicrarchies for declarative wiT's:
existential nesting (nested statement of existence) including sested statements of objects and relanons
among them, and transitive nesting (nested statement of change). Both of these nested units of
ledge are presented in implicative form (nested clauses). It seems reasonable to describe the
set-theoretical on one hand, and on the other hand, vector-asalytical manners of describing simations
(which do not differ in essence). This another form of representation in tum, can be divided in two
different kinds of representation: continuous (using differential equations) and discrete (using
difference equations and/or finite state machines (see Figure 9). In both cases, the property of nesting
is applied.

If a hierarchy is built using the existing semantic network, them each (i-1)-th level of the hierarchy will

cmmngmﬂmddnwadsddnn&knlhnmthamxdumfwndmmm&e

(i-1)-th level will antomatically “carve out” subsets within the classes of i-th levels in which the

process of combinatorial scarch can be repeated, and 2 new solution can be found with higher level of
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resolution. However, mmwmmu(rlmmmuwam
search.

Postulate of multiple representation . So, the same worid can de represented within the same
levels of resolution in a different way. is defined as a strecture (e.g. algebraic, or
mfamm)whthummphtbdnwﬂ.bmemdmmy(aadommd
reality). Representation consists of both nemerical as well as descriptive information about the objects
and systems, and is assumed 10 be obtained from prior experience, aad or derived theoretically (based
upcnmlnphcuydmmmuobdwm;

mmmCmm,mwmmdwwmwm
the practice of control, based upoa different elements and rules of isformation organization. In this
paper, howledgebnaunmdmﬂmmbm;focmedmlmup
Bases as a model of information system, is a system of world representation which is considered to be
homomorphic to other systems of world tion such as systems of difference, or
differential, or integral equations, and others (see 9).

Nomdeterministic nested referenciag. Accuracy and resolution caa mistakenly be understood as

nondeterministic properties of representation. We will separase the characteristics of accuracy and
resolution from the nondeserministic information. Let the vector of observations be

Xo=Xod +§

& -stochastic component after observation.
iion. A component of observation is named stochastic component if i is
2) not identified (yet) with any of models stored in the knowledge base,
b) substantially larger than measure of accuracy and resolution ( | § >p),
¢) presumed 10 poteatially affect the results of decision-making.
Our approach differs from the classical only in a sense of (11) which implies two recommendations.
Recommendarion I. Control probiem is 10 be solved as a deserministic problems dealing with models
Xod and estimating likelihood or plausibility of the decision, or the policy by measure of uncertainty
linhdwimthesaol{gi}.
Recommendarion 2.. Leaming will be understood as a wol for extracting new recognizable models
ﬁm{éi}ndudmfaupaﬁukmww&plmcmamem{gi}.
The following structure of dealing with unrecognized ( (unmodelled) information is implied by these
zecomm::d-nas. Mm&mmuuwm,faMmum
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of information. At each level the component is being decomposed in two parts: which can be
mowhdﬁhduddhhdeuuiﬁsﬁcmdumkvd.md which at the next level remains

still unrecognizable (with E[ §; }=0)
Xoi= xodi":r,hl* §

where X odi- deterministic moded after recognition at the level i,
&y,i+1 Pt of the stochastic component at the i-th level which will be
recognized after observation at the (i+1)-th level(trend™).
§; -part of the stochastic componcat at  the i-th level which remains unrecognized,
EL; ]-0.
ﬁhmwﬁnmbﬁdmeMMmhMam
Xoi= Xodi * &ris1+ & X0,0-1= Xod,n-1 + 4,0+ Sn-1

X0,i+1= Xod,i+1 +&rie2* 8is1  X0,0= Xod,n* &

and N is the leve! where the recursion stops (no consequtive levels are expected o be built).

This decomposition of information (which is possible within the nested hierarchical structure) allows
for multiple reference system. The key motivation for the multiple referencing is simplification of
information representation per level. Mukiple referencing is indirectly presented in the requirement that
E[ §; ]=0. This means that the origin is placed in a point in the state space as 1o provide E[ §; ]=0.
Then, the rest of the information allocated for decision-making at this level is referenced 10 these
origin.

Another important implication of multiple referemcing in dealing with nondeterministic
Mmbwmfmmdmmwmmmuswq@
with partially, or completely unknown world. Thus, leamirg is presumed. Any leamed information is
being identified with memory models (patterns) which desermine the initial referencing. The residual
information is supposed o be collected, and later it is expected to generase a new pattern upon the
multiplicity of realizations. If generation of 2 new pattern seems to be impossible (no regulanitics are
discovered), the change in the initial referencing might be undertaken. This philosophy of dealing with
new information is to be utilized for procedures of map wpdating.

We can see also within the body of this problem of nested referencing, a direct link among the
quantitative characteristics of the system and its linguistical description, and the components of this
description. At this time, however, we will restrain from further statements un these (inks since we do
not have enough factual observations.

Recognition and Idestification. All of the above statements are based upon Definition covtaining
undefined word “identified™. In further considerations, the word “recognition” is used. Some list of
p ns is presumed which should be used for comparison and identification. Recogaition is also
loosely defined but some freedom scems 10 be allowed for possible enhancement of the list of existing
parterns. Most of these matters deserve a special and detailed treatment, they are not discussed in this
paper. However our attitude soward this domain should be at least illustrazed by an exampie.

An exampie of interpreting the situation with identification, recognition, and learning the new patterns
of the entities of the world, is shown in Figure 10.If A is a robot location, and B is the goal, then
minimum time path can be sougat in one of the following areas: 1, 11, and ML It can be demonstrated
geometrically, that the minimum distance path can be found in the area II. However, since each tum
within this “slalom-type” area is linked with the losses of time (speed at the turning point should be
memwmmmﬁmnﬁmmwkﬁm“dm“la
1.

hmhmﬁmwmwmcﬂdw&ﬁb&nﬂmm&acmm:m
be analyzed as some catities with common properties. Indeed, area I can be described as an area
which has ~“obstacle 1" oa the right of the moving robot all over the motion, area i has "obstacle 2°
on the left of the moving robot, and area I has obstacles on both sides. Areas [ and 11 do not seem 10
be different when robot is moving far from the obstacle, but they differ substantially if we try 1 make
uh@dmenjacmnsmnapuﬁble:memjecuyinmemlwmmslinwsegmems
and four turns while the trajectory [Tl will have oaly two linear segments and only one tum.
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Further analysis shows that the cost-functions have different form for all three areas. Moreover,
mdnnoumhmmfmmmbemﬂuedmmdnmdpnmw
of arcas are named “topoways” (33], and they can be considered entities for minimum time problem -
solvin ume:_ghakvddplmmymudmknhtmbefmwedmwmame
describe the relative obstacle location while the consequent part will be relaxed
nummmaumwaumm

, rules of this level of generality have 10 be recognized by a master, however they can be
uﬁhzedvuhnomsu’sdnap-wpmon.

mmmmmmanmmmmncmmmmu
Difference equations can be easily transformed into production rules, Indeed, insiead of the form

x(k+1)= Ak) x(k) + B(k) u(k)

where k-is the number of the stage of recursion,
A(k) and B(k) are the matrices of system parameters,
x-is & state, and
u-is a control.

Instead of having this information in a form of an equation one can state
IF {x(k)*A(k)*B(k)*u(k)} -> THEN {x(k+1)}

which actually describes the cawsality exposed by a particular sysem : 'xfprmsmxsgwen.md
memmkmwmmdmcdeﬁnn:mdnwmmemmnmsfodm
Mmouohheredsysmmhnaobnmedammnnyudlaﬁomthemhamodebof
representation can be inverted in a form of rules-prescriptions [28]

IF{x(k)*x(k+1)AA(k)*B(k)} -> THEN ({u(k)}

which can be interpreted as follows: “if present state is given, and the the following state is required,
while the parameters of the system are known, thea apply this control™.

In some cases even the form of trajectory can be utilized for rules formulation. Indeed, the form
k-1

x(k) = F(k,0) x(0) + Eol"(k. 1+1) BQ) u(). and
F(k+L1+1) = A(k) F(k, 1+1)

implies the following ways of subsequent planning/control activities:
1) solution trajectory on-line computation, submitting to the execution controller, and storing
in memory for the subsequent use in a similar situation,
2) retrieving the previously stored solution for the same or similar conditions, obtained from
off-line training, or from on-line experience.

Applying the pmducnon rules at different resolution levels. The above consideration can
be expanded if mabehmnukmmwnsxda:nonmadanmbowﬂnmmydxﬂm

from what was expected and provide correctives for the control signal, or “tuning” for the matrices A

and B (using available of extrapolation).

Thm,thefouomugsasof ormation can be considered initially known:

S-sutes : {x(0), x(-1), x(-2),...}
P-parameters : {A(0), B(0), A(-1), B(-1), ...}
G-goal states : {x(k), x(k-1),...}.

The general form of a control-generating rule can be represented as follows
IF [PASAG]* <> THEN DO U

where U -is a swing {u(1), u(2),..., u(k-1), u(k)},
*-means that the solution is Pareto-optimal.

Solution can be found by one of the selected search procedures. There is a set of optimum solutions,
the cost difference between them can be found only at higher resolstion.NDP is dooe a the following
sequence of procedures:

SUBSTITUTE THE "OUT-OF-REACH" GOAL BY AN ACHIEVABLE GOAL
FIND A CONTROL-GENERATING RULE
IF THE CONTROL-GENERATING RULE IS NOT FOUND, APPLY SEARCH
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SUBMIT THE SOLUTION TO THE NEXT LOWER

LEVEL
IF THE SOLUTION IS NOT FOUND, REPORT THE PREDICAMENT TO
THE NEXT

LEVEL

‘ This spproach is general and produces the trajectories of motion in all cases: when the general
mleexhtmdis:oynbtheplmﬁnymdmawbaitdoammeMAu
algorithms of in 2D bi world start with a statement IF THERE IS NO
OBSTACLE BETWEEN THE no":&r AND THE GOAL, GO DIRECTLY TO THE
cou.mnommncnm;mmgsqumumwmm
uaumm«fmwammwmmmmqmm
level. This is the way of finding the trivial trajectories A and B in Figure 11, the trajectories A
mn-:m;-m«u:mmmmmamﬂsmu
stored for subsequent using them as solutions in corresponding rules [37]

In the case shown in Figurc 11,b we have 2 less trivial situation. Indeed, the Jower level search can
lead us in a straightforward manner 10 e trajectory A. However, when the back-up motion is
allowed, at Jeast one additional trajectory should be added: a backing up motion B and then motion

forward C. This new opportunity immensely reduces the 'vigydmh.Onewouldpmbably
prefer to first select one of these opportunities (A or at the higher level, and then compute the
actual trajectory.
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Figers 1L Exsmpies of wiving iypical metiens

g‘) ROBOT IS BECOMING CLOSE TO AN OBSTACLE (DISTANCE IS LESS

(ON THE RIGHT, OR ON THE LEFT)
RlORlnTiYEN PUT MESSAGES TO PILOT AND EXECUTION CONTROLLER TO 1
P

AND
" IF DISTANCE IS LESS THAN D* AND MORE THAN D**
THEN REDUCE SPEED TO V* AND MAKE A TURN

THAN

AND (LEFT, RIGHT)
" IF DISTANCE IS LESS THAN De*
THEN STOP AND REPLAN

One can see that these rules do not refer to any specific giobal coordinates of the trajectory to be
executed, and the focal coordinates (position of the obstacle relative 10 the robot) are given with low
accuracy using linguistic variables as it was done in [28). Similar rules are formulated for a more
subde maneuver when afier the local goal was determined in a particular situation, it turned out to be in
an inconvenient location, e.g. the actual location of G™;, 9 (sec Figure 6) cannot be achieved in a
near-minimum time fashion by a simple contincation of the motion ahead.

IF G(X) IS LESS THAN RTy\

AND G(Y) IS LESS THEN 2 RTyn
AND ORIENTATION IS LESS THEN [90°

THEN BACK-UP AND TURN IN THE DIRECTION OPPOSITE TO THE GOAL
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(G(X) and G(Y) are the "x" and "y” coordinates of the local goal in a local reference frame, i.c.
when the coordinate system is attached to the robot, RTpgny is the minimum radius of tum).

Tis rule allows to perform a nontrivial motion shown in Figure 11,c which reproduces a very
anthropomorphic way of dealing with this problem.No wonder - it was introduced by a human
"masrer”.We do not have any experience in formulating rules like this automatically.It seems that
using the human experience and intuition in formulating rales would be beneficial for dealing with
predicaments arising during processes of operation.

mévmnprooessofuingﬂnmlespmviouslyfmnumedmdmes,mdunmhwhenthemlc
is not found in the list, is illustrated in Figure 12

Learning of rules.Thus, if the rule is not on the list, the recommendation is obtained using the
search in the state space, or in other words, by solving the automaton of representation, or by solving
difference equations of representation via (say) enhanced dynamic programming [31, 33, 36]. The
results of this search can be stored and later used as a rule. Then the number of rules will grow
_tremendously, and instead of spending time for search the sysiem will spend time for browsing the
lists of rules. Probably, there exist an optimum number of rules depending on the descriptive
properties of the space as well as the characteristics of the computer system utilized in a specific
inwelligent robot. .

On the other hand, if a group of rules can be generalized and pushed to the upper level of the
hierarchy, then the overail time of search can be reduced. This generalization can be done as follows

DETERMINE FEATURES OF CONDITION PARTS OF RULES IN STORAGE
FIND SIMILARITIES AMONG THE FEATURES OF RULES IN STORAGE
GROUP THE CONDITION PART OF RULES IN STORAGE

GROUP THE CONSEQUENT PARTS OF RULES WITHIN THE GROUP OF

RULES
WITH SIMILAR CONDITION PARTS
SUBSTITUTE ALL CONSEQUENT PART BY ONE (AVERAGE) SOLUTION

TO THE CORRESPONDING LIST OF RULES

The process of leaming with new rules generation is illustrated in Figure 13. The stage of
"generalization” zan be performed so far only with "master” direct participation. Indeed, the control
strings found as a response to the concrete situations should be stored but the subsequent analysis
should be done by a “master” unless the reliable algorithms of generalization are developed.

Figure 13, New Reles Acquiritivm.
TASK
YES
" TO THE
EXECUTION
CONTROLLER /
b

| ALTERNATIVES |

‘L ARBITRATION j

I RULE
il

|| GENERALI ___—
™1 ZATION r FA

In the meantime, the other types of leaming (primarily, inductive leaming) can be excercised with no
human involvement. They include memonizing the snapshots of the world, analysing the evolution of
the snapshots, and computation of correctives for the matrices A and B as well as for the string of U.

Retrieval of rules.The first experience of operation of autonomous mobile robot Drexel
Dune-Buggy has demonstrated that usin the lists of rules is inefficient, and the hierarchical structure
increases the productivity of the rules retrieval. The structure is shown in Figure 14. It is based upon
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the theory presented in [38). L, is the language of conditions consisting of their vocabulary and the
weighwdmwionshipcmgthcm.l., is the language of conscquents also coasisting of the
voabuhryandtbegrmmrdwughednhmh: among the words of this vocabulary. The
matching algorithm is based mgumgoﬁhewghumhnanhxps
amongthcwotdsofond'ETmemmhmgpthcﬂsmtbobmmguvenl
mmmmmmmammmkum«mn

After decomposition is completed, focusing of attention should pe performed (FA), after this the
searchof mkdmmkvdmhwfmmmumhnymmdm
focusing atiention not always can be done with no master involvement. R

IV. Conclusions

In existing systems the function of mm"umhngmdtDMmThnpluumMme{s
participation is expected ®© be required at the stages of

oomcxtsdecuon,
armanging the blackboards for the specific context,
assignment of the search envelope,

To be more specific his functions will include (but not limited 10) the following activities:

1. Making available the “universe of discourse” knowledge.

2. Proper selection of the context subset

3. Monitoring the processes of image recognition especially while sensor integration.

4. Fmaljudgmanonmespaeedxsaenunm(umfam.nmmdam.cm.)baseduponms
opinion on what is "meaningful neighborhood™.

5. Monitoring the process of cost-function assignment.

G.Mamamglhepmcasofmbuhrydeummngford:admlevek.

7. Elimination of discrepancies in world representation at the adjacent levels.

&Momtu’mglhc&xgnmmoﬁhcmhnonsofmmgbygmhm

9. Determining the scope of attention according to the general assignment of the operation.

10. Final decision on the duration of retaining the stored information especially for the levels of

cphemeral maps.
11. Determinimg the rules of the high level of generality
12. Arbitration among the multiple alternatives.
13. Direct dealing with the problem of the lower level if the upper level vocabulary is poor.

14. Pamc:panoummepmwsssofnewnﬂemognnm
15. Doing the job of linguistical tesseletion: determining the groups of entities belonging to the
same level of discretization.

Expectantly, the language for communication with the "master” will be different from the langaage to
be utilized for d=aling with the other robots of the cooperative team.
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